The development of image-guided surgical systems (IGS) has had a significant impact on clinical neurosurgery and the desire to extend these principles to other surgical endeavors is the next step in IGS evolution. An impediment to its widespread adoption is the realization that the organ of interest often deforms due to common surgical loading conditions. As a result, alignment degradation between patient and the MR/CT image volume can occur which can compromise guidance fidelity. Recently, computational approaches to correct alignment have been proposed within neurosurgery. In this work, these approaches are extended for use within image-guided liver surgery and demonstrate this framework's adaptability. Results from the registration of the preoperative segmented liver surface and the intraoperative liver, as acquired by a laser range scanner, demonstrate accurate visual alignment in regions that deform minimally while in other regions misalignment due to deformations on the order of 1 cm are apparent. A model-updating strategy is employed which uses the closest point operator to compensate for deformations within the patient-specific image volume. The framework presented is an approach whereby laser range scanning coupled to a computational model of soft tissue deformation provide the necessary information to extend IGS principles to intra-abdominal explorative surgery applications.
INTRODUCTION
Imaging modalities such as magnetic resonance (MR) and computed tomography (CT) have profoundly impacted medical diagnosis and treatment capabilities worldwide. Subsequent to these exciting developments, lowcost high-performance computing has allowed the use of these MR/CT images in the operating room as an aid in navigation, i.e. image-guided surgery (IGS) [1] . The key process in IGS systems is the alignment of the patient image set to the patient in the operating room (OR) and the tracking of surgical instrumentation by optical or electromagnetic digitization methods. This technological advance has become a standard tool in many of today's state-of-the-art IGS neurosurgical ORs. Its most dramatic benefit is the ability to allow surgeons to plan, visualize and execute the removal of deep tissue pathologies (e.g. brain tumors). With the clinical outcome improvement afforded by IGS systems, its cost-effectiveness has been realized, particularly in neurosurgical applications [2] , and the desire to extend these principles to other surgical endeavors is the next step in IGS evolution. A caveat to this enthusiasm are the recent reports demonstrating that during the course of image-guided surgical procedures, the organ of interest often deforms due to common surgical loading conditions such as retraction, resection, gravity, etc [3] [4] [5] [6] [7] . As a result, alignment degradation between patient and the MR/CT image volume can occur. The extent of this misregistration can significantly compromise the guidance fidelity of these systems and in some cases could lead to serious surgical error. In response to these intraoperative concerns, there has been a concerted effort by many investigators to account for intraoperative deformations during surgery.
In the 1980's, there was an effort to introduce intraoperative computed tomography (iCT) but concerns over patient radiation, the need for radiological staffing of the OR, and the cumbersome lead protection seemed to adversely affect the adoption of this technique [8] . Several medical centers are now deploying intraoperative magnetic resonance (iMR) imaging [9, 10] and have developed elegant and sophisticated methods for visualization in the OR. Although conceptually appealing, the exorbitant cost and cumbersome nature of such systems have left their widespread adoption uncertain at this time. In addition, recent reports have illustrated potential problems with iMR imaging related to surgically-induced contrast enhancement which can be confused with contrast-enhancing residual tumor [11] . To a lesser extent, co-registered intraoperative ultrasound has also been addressing this problem [12, 13] . While having the advantage of generating locally reconstructed images in real-time, often the image clarity degrades over the course of surgery due to the invasion of the surgical field. It is within this backdrop of a cost-conscious health care system that computational modeling can have a significant contribution. Given a highly resolved biomechanical model of the organ of interest, limited data could be collected during a surgical procedure (e.g. capturing the surface with a laser scanner and subsurface structures with ultrasound) and used to drive the model which could subsequently be used to compensate for deformations within the image volume (i.e. correct the alignment by deforming the image volume to match OR conditions). This "model updating" strategy [14] [15] [16] is a novel demonstration of how computational modeling can be used for direct feedback to change the course of clinical decision-making. Apart from its cost effectiveness, another major advantage of this approach is its ability to align all forms of preoperative-based data simultaneously regardless of the source of driving data.
With respect to other surgical endeavors, intra-abdominal explorative liver surgery may be a good candidate for the application of IGS principles. Tumor resection and ablation for primary and metastatic tumor sites represents the most common indication for liver operations today. Liver metastases occur in many patients with gastrointestinal and other malignancies and are a frequent cause of cancer-related deaths. Previous studies have shown that complete tumor resection in patients with 3 or fewer metastatic foci results in a 30-35% five-year survival compared with less than 5% for patients not resected [17, 18] . Resection with involved tumor margins or with microscopically clear, but < 1 cm of surrounding uninvolved hepatic parenchyma have significantly higher recurrence rates than resections with > 1 cm of tumor clearance [18, 19] . Of note, large tumors may be palpable in the liver substance, while small tumors frequently are not, and most are not visible unless they happen to abut the liver surface. Interestingly, in a recent report from one of the highest volume liver ablation centers in the U.S. [20] , patients undergoing RF ablation for metastatic colorectal carcinoma with tumors > 3 cm in size had a 38% incidence of local recurrence, almost certainly related to incomplete tumor destruction from inaccurate tumor targeting. The need to more accurately localize hepatic tumors is readily apparent in that recurrence due to incomplete clearance of tumor margins has been reported [18, 19] . Given the lack of significant landmark features on the liver surface, the demarcating of surgical regions is often accomplished through the use of intraoperative ultrasound and by manual palpation of the liver during surgery. Development of a clinical image-guided liver surgical system would be beneficial and some preliminary investigations have been performed in this area [21] [22] [23] .
In contrast to the neurosurgical setting, the dynamics of liver surgery hold significant challenges with respect to the application of IGS techniques. For example, in the case of intra-abdominal explorative liver surgery, often the surrounding ligamenture is removed to better visualize and inspect the organ for the removal of tumors. In addition, the liver is routinely adjusted, i.e. "packed", for stabilization resulting in significant organ deformation when compared to its preoperative CT images. Further liver stabilization can be achieved with the use of apneic periods to prevent diaphragmatic movement. Also, due to the robust physiological constitution of the liver, tumor resections routinely involve substantial tissue removal to include regions significantly outside tumor margins. From the "model-updating" perspective, a strategy to compensate for the initial deformations associated with surgical presentation would be a significant contribution to the application of IGS techniques to intra-abdominal liver surgery. In this paper, an initial approach to this problem is reported and preliminary results from a clinical case are presented.
MATERIALS AND METHODS

A. Intraoperative Data Acquisition and Registration
Given the surgical preparation with explorative liver surgery, the use of external fiducial landmarks for the purpose of image-guided surgery is not possible. The only avenue to accomplish image registration within this environment is to align preoperative scans based on the geometry of the exposed intraoperative organ. In the realization of this constraint, a laser-range scanner system (RealScan 3D, 3D Digital Corporation, Danbury, CT) capable of capturing three-dimensional topography as well surface texture mapping to sub-millimeter accuracy has been mounted to a passive mechanical arm in the OR and is shown in Figure 1a -b. The scanner is lightweight, compact, (L9.5" x W12.5" x H3.25", 4.5 lbs) has a standard tripod mount and can be used on liver tissue. Central to the application of IGS principles is to show feasibility within the standard liver surgery OR setting. To this goal, internal review board (IRB) approval has been obtained from the Vanderbilt University Medical Center to perform a series of scans during liver surgery to help develop and eventually test liver registration and deformation compensation strategies. The scanning field consists of 500 horizontal by 512 vertical points per scan and is accomplished in approximately 5-6 seconds. Although not performed in this case, the scanner is currently tracked in the operating room space using a Northern Digital Optotrack 3020 digitization system and calibrated using phantoms with separate independent digitization. One advantage of this laser-range scanner system over other surface digitization techniques [24] is the capability of capturing feature-rich texture maps of the surface as well as the topographical characteristics. The texture map data will facilitate the segmentation, i.e. extraction, of the liver surface for alignment to preoperative CT scans. Current rigid body alignment techniques that are available include fixed-point, an iterative closest point based framework [25] and a combined intensity/geometric registration framework [26] . 
B. Finite Element Model
To date, there have been several efforts to model deformation within the liver [27] [28] [29] . Most modeling efforts have been focused on surgical simulation and as such model accuracy is not of primary importance. In these applications, speed of calculation is more critical whereby the goal is to create realistic looking liver deformations at video frame rates [30] . Some have focused their model developments for training and educational purposes [31, 32] . While the realism of the visual output is quite compelling in these surgical simulations, the application of these model design constraints is not appropriate for a "model updating" application. Specifically, the coarseness of the discretized domain is usually inadequate such that the calculations are poorly resolved thus solutions vary with discretization levels. With respect to "model updating" in the neurosurgical context, it was found that at least 16,000 vertices, i.e. nodes, were needed in a finite element (FE) model of the brain to ensure mesh convergence [33] . Although this reported study was for brain deformation, similar trends would undoubtedly be present in the liver also.
As an initial step, a linear elastic model will be employed to reflect the deformation behavior of the liver when subjected to intraoperative surgical forces. The classic partial differential equation that represents a state of static mechanical equilibrium is,
where σ is the mechanical stress tensor. In this description, the constitutive laws that relate the mechanical stress tensor, σ ij , to the mechanical strain tensor, ε ij , define the nature/behavior of the material when subjected to mechanical load. The constitutive equations used in this initial work will assume Hooke's law: With the proper weak forms generated, the FE method uses the first N members of this complete set of scalar functions and selects N coefficients such that the residual of the weighted equations is minimized. More specifically, for the Galerkin method with Lagrange polynomial interpolant functions, the coefficients represent the distribution of unknown displacements, i.e.,:
Using the relationships in equations (2-7) and (14) , the equations (11-13) can be rewritten in matrix form as: 
C. Application of Deformations
In practice, conventional finite elements as stated in the development of equations (1-18) is relatively clear and has been implemented in many different software packages. With respect to the challenge of modeling anatomical organs, there are some aspects with respect to the application of boundary conditions that are not desirable regarding this traditional representation. For example, in the application of displacement boundary conditions to the liver, it is often desirable to express the movement of the boundary in a coordinate system that is relative to the geometric shape, i.e., the coordinate system associated with directions that are normal and tangential to the organ surface. One strategy is to take the desired normal displacement and convert this to its Cartesian counterparts, i.e., (19) (20) (21) where n, t 1 , t 2 represent an orthogonal coordinate system with the normal and two orthogonal tangential axes, respectively. The matrix above represents the transformation from normal-tangential space (n-t space) to the Cartesian. In equations (19) (20) (21) , the application of a normal displacement can be achieved; however, the ability to relate mixed boundary conditions within this n-t space framework is not possible. For example, in many instances it is desirable to allow an organ surface to slide along an intra-abdominal wall yet not deform in a direction normal to the wall, i.e. through the wall. This type of boundary condition requires stress free conditions tangent to the wall and restricted normal displacements, i.e.,: 0 , 0
In this instance, the framework described in equations (19) (20) (21) will not be capable of providing this organ movement behavior.
As a solution to this requirement, a second approach is to rotate the equations of equilibrium for nodes concerned with the boundary into an n-t space coordinate reference. This process involves the use of rotational matrices being applied at the local element assembly level:
Careful attention must be paid to the determination of the rotational matrix, , and to the arrangement of rotational multiplications (also note, that
R is orthogonal and equivalent to [ ] T R ). The form of equation (23) is dependent on the particular scalar functions of position and unknown coefficients involved with the FE integration process, specifically, with respect to the domain boundary. This approach to n-t space calculation has been reported by Engelman et al. [34] .
With respect to applying deformations to a FE liver model for the improvement of organ registration, a three step process has been developed for preliminary investigation and involves: (1) the acquisition of a laser-range scan (LRS) of the liver surface during surgery, (2) the rigid-registration of a CT segmented liver surface and the LRS data using a modified iterative closest point algorithm [25, 35] , and (3) the application of displacement residuals associated with the closest point correspondence function within the n-t space framework as described in equation (23) . This approach represents an interesting divergence from standard IGS methods that typically use landmarks that surround the organ of interest for registration. Since a standard protocol in explorative surgery is to manipulate the liver by separating it from a portion of its ligamenture, the need to register off the organ surface is required. This presents its own unique challenges to liver IGS. For example, with respect to respiratory motion, in our experience, significant cranial-to-caudal motion has been observed. In addition, in data not reported here, measurements of the liver during respiratory motion have shown that the liver appears to return to its shape and location at the same point in the respiratory cycle. In our approach, periodic apneic techniques are used to gate all measurement, image deformation, and IGS interrogation. Additionally, the advantage to using the LRS is that the acquisition time of spatial data can be achieved at a rapid rate thus minimizing the apneic periods.
One important aspect to the approach is the correction of mis-registration due to deformations induced by the stabilization of the organ during explorative surgery. To accomplish this, an approach that uses the residual from the closest point correspondence function in conjunction with equation (23) is utilized to correct for the remaining surface discrepancies. Figure 2 illustrates this application process whereby the closest point residual is applied to the model under a specified boundary condition that takes advantage of the n-t space framework. In addition, the n-t space transformations also have the advantage of allowing the specification of boundary conditions that are particularly suitable for describing the behavior of the liver in the far-field (equation (22)). Figure 2 . Using n-t space framework allows for the application of a purely normal displacement that is driven by values received from the closest point correspondence function, CP(p 1 ).
RESULTS
a b Figure 3 . (a) Exposed intraoperative liver surface and (b) the corresponding laser scanned point cloud capturing both the liver surface shape and texture. Figure 3 shows the LRS acquired data from the liver surface (notice the changes in specularity of the intraoperative liver surface in Figure 3a which did not the affect the scanner's textured point cloud acquisition in Figure 3b ). Following the acquisition of the LRS data in Figure 3 , an iterative closest point algorithm was executed between the segmented liver (based on preoperative computer tomograms) and the acquired point cloud shown in Figure 3b (texture data was not used in this registration). The results from this registration are shown in Figure 4 . As Figure 4 illustrates, a sizeable portion of the intraoperative surface has been registered but flanking regions still exist where the fit is inadequate. A more quantitative manner to look at the results from the registration can be seen in Figure 5 . Here, the closest point distance appears as a grayscale shading over the finite element model of the preoperative liver. In this figure, the liver appears to be slightly twisted when compared to its original preoperative surface. This apparent result must be tempered by the realization that this is a comparison between two geometries that have undergone a shape change and that have been registered with rigid body assumptions. Given that the LRS provides only a subset of geometric data, the ability to distinguish rigid body motion from deformation is difficult without a priori knowledge. Undoubtedly, portions of this measurement are being influenced by rigid body motion but the goal within this work is to use models and sparsely acquired data to non-rigidly register preoperative images. In this instance, the model is being used less as a quantitative simulation and more as a means to elastically register the image volume. This is not to say that information regarding the biomechanics is not present but a more careful analysis regarding the nature of movement intraoperatively is needed to better characterize shape change. The final step within our IGS updating protocol is to apply the residual distance described in the closest point correspondence function to the FE model ( Figure 5 and equation (23)). After solving for tissue displacements, the preoperative images are deformed to better match the intraoperative state. Figure 6 is an illustration of this process on the same image slice shown in Figure 4 . It should be noted that this calculation is fully 3 dimensional and that only one slice is shown. In addition, not all slices reflect this degree of fit. With respect to execution time of the FE model and the deforming of the image volume, the process was accomplished in 1-1.5, and 2-2.5 minutes, respectively, on a 800 MHz LINUX/INTEL platform. Even with the current non-optimized, and non-parallelized model, image updates are already at clinically useful timings. However, the goal of this research will be to improve on this timing with a target time of 1-2 minutes total for the updating process.
DISCUSSION
A methodology for utilizing a laser range scanner in conjunction with a finite element model has been presented as a preliminary investigation to correct for deformations in an image-guided display during explorative liver surgery. A clinical case is presented that highlights each step of the proposed algorithm. The novel framework combines a FE formulation that transforms the equations of equilibrium such that more appropriate boundary conditions can be used to describe the application of surgical deformations and far-field behavior. Figure 6 represents a sizable correction to the preoperative images that is on the order of a 1cm correction. However, this result must be related within the context that the only way to separate rigid body motion from deformation is to have the complete organ geometry correspondence function between preoperative and intraoperative state. Despite the inherent limitation of this data set, the results based on using the closest point correspondence function in the above described manner are encouraging.
CONCLUSIONS
The work presented is a preliminary approach to accounting for intraoperative deformations within imageguided liver surgery. Furthermore, the results shown represent an encouraging step in the eventual evolution of IGS principles to extra-cranial surgical endeavors. The LRS technology that is being utilized offers a non-contact, rapid way of measuring organ changes within surgery. The n-t space transformation framework used here offers avenues to pursue with respect to boundary conditions that are both intuitive and logical within the liver IGS context. Overall, model-updated solutions to organ shift in either liver or brain surgery are cost-effective, minimally invasive to the OR environment, and offer an accuracy level that makes the approach competitive with intraoperative imaging techniques.
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